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Summary:
We previously reported that the N-methyl-D aspartate receptor antagonists dizocilpine maleate and ketamine improved the neurological severity score (NSS) after head trauma in rats. Other investigators have re ported increased calcium and decreased magnesium fol lowing head trauma in untreated rats. The present study was designed to determine whether ketamine influences the concentrations of calcium and magnesium in brain tissue following head trauma. Eighty-six male Sprague Dawley rats (180 ± 15 g) were divided into eight groups.
Groups A (no head injury) and C (head injury) received no treatment. Groups B (no head injury) and D-H (head injury) received ketamine. In groups D, E, and F, keta mine, 180 mg/kg i.p., was given 1, 2, and 4 h after head trauma, respectively. In groups G and H, ketamine, 120 and 60 mg/kg, respectively, was given I h after head trauma. After we killed the rats at 48 h, cortical slices were taken to measure tissue calcium and magnesium content by the inductively coupled plasma atomic emis sion spectroscopy method. In the contused hemispheres, There is considerable evidence that excitatory amino acids (EAAs) play a major role in the devel opment of delayed neuronal necrosis (Rothman and Olney, 1987; Choi, 1988; Albers et aI. , 1989; Meyer, 1989) . Energy depletion following experimental brain ischemia or head trauma results in increased synaptic release of glutamate and decreased cellular reuptake of glutamate (Beneviste et aI. , 1984; Si mon et aI. , 1984; Cotman and Iverson, 1987; Faden et aI. , 1989; Katayama et aI., 1990; Nilsson et aI. , 1990) , as well as intracellular calcium (Ca) accumu-0.0001). Among the head-injured groups, the increase in brain tissue calcium was smaller in groups receiving 60 mg/kg of ketamine at 1 h or 180 mg/kg of ketamine at 1, 2, or 4 h than in the group not receiving ketamine. The de crease in brain tissue magnesium was smaller in the groups receiving 180 mg/kg of ketamine at 1 and 2 h than in the group not receiving ketamine. Temporalis muscle and rectal temperatures at 1, 2, 4, 24, and 48 h after head trauma were not significantly different between treated and untreated groups. It is concluded that, in this model of closed cranial impact, 180 mg/kg of ketamine given 1 or 2 h after injury reduced both the increase in brain tissue calcium and the decrease in brain tissue magnesium at 48 h following head trauma. Key Words: Anesthetics, intra venous-Ketamine-Brain-Head injury-Excitatory amino acids-Glutamate-Aspartate-Glycine-Ions Calcium-Magnesium-Receptors-N-methyl-D-aspar tate.
lation via N-methyl-D-aspartate (NMDA) receptor channels and voltage-dependent Ca channels (Choi, 1988; Meyer, 1989) . High concentrations of extra cellular glutamate stimulate glutamate receptors of the kainate-and quisqualate-preferring subtypes, causing a massive influx of sodium, chloride, and water; they also stimulate glutamate receptors of the NMDA-preferring subtype, causing substantial Ca influx (MacDermot et aI. , 1986; Rothman and Olney, 1987; Choi, 1988; Albers et aI. , 1989; Hill ered et aI. , 1989; Meyer, 1989; Siesjo and Bengts son, 1989; Shimada et aI., 1990; Stevens and Yaksh, 1990; Globus et aI. , 1991; Matsumoto et aI. , 1991) . Intracellular Ca accumulation activates enzymes that catalyze the breakdown of proteins, lipids, and nucleic acids leading to neuronal death (Wieloch et aI., 1982; Cheung et aI., 1986; Deshpande et aI., 1987; Siesjo and Bengtsson, 1989) . Stimulation of NMDA receptors appears to be a crucial step in glutamate-induced neuronal death, because block age of NMDA receptors with specific antagonists or noncompetitive ion channel blockers provides pro tection against glutamate neurotoxicity (Cotman and Iverson, 1987; Kohmura et aI., 1990) .
Ketamine is an i. v. anesthetic, widely used in clinical practice for over 25 years (Coursen, 1990) . Ketamine was reported to antagonize NMDA-type glutamate receptors noncompetitively via interac tion at the phencyclidine binding site (Wong et aI., 1986; Wroblewski et aI., 1987) . In vitro, ketamine blocked NMDA agonist-induced neuron death in cultures of chick embryo retinas with a potency 0. 1 as great as that of dizocilpine maleate (Olney et aI., 1986) . Also in vitro, ketamine blocked NMDA ag onist-induced death of cultures of cortical and hip pocampal neurons (Kim et aI., 1987; Rothman et aI., 1987; Vink et aI., 1987a; Choi et aI., 1988) , swelling of cultures of astrocytes (Chan and Chu, 1989) , and hypoxic injury of cultures of neocortical neurons (Weiss et aI., 1986) , and increased neuronal survival following ischemia (Lodge and Zeman, 1986; Meldrum et aI., 1987) . In vivo, ketamine was reported significantly to improve neurological out come following head injury (Shapira et aI., 1992b) .
As outlined above, accumulation of Ca in brain tissue is a principal step in EAA-induced neuronal injury. Ca accumulation in the brain following head injury and ischemia is well-known (Young, 1987; Kwo et aI., 1989; Shapira et aI., 1989) . In addition to Ca accumulation, Vink et al. (1988 ), McIntosh et al. (1987 ), and Faden et al. (1989 reported a decrease of intracellular free magnesium (Mg) following head injury in rats, and Lemke and Faden (1990) reported a decrease of intracellular Mg for 7 days following spinal cord trauma in rats.
The present studies were designed to determine whether ketamine influences brain tissue Ca and Mg following head injury in rats. Three doses of ketamine, 60, 120, and 180 mg/kg, were examined to determine whether the effects of ketamine on Ca and Mg were dose-related. In addition, ketamine was given at 1, 2, or 4 h after head injury to deter mine the time period after injury at which ketamine was most effective.
MATERIALS AND METHODS
This study was approved by the Animal Care Commit tee of the University of Washington. Eighty-six male Sprague-Dawley rats, weighing 180 ± 15 g (mean ± SD) were anesthetized with halothane. Anesthesia was in duced by placing rats one at a time in a chamber supplied with 1.5-2.0% halothane in oxygen. Rats breathed spon taneously and the trachea was not intubated. Mainte-nance of adequate anesthesia for the experimental proce dure was confirmed by the loss of corneal and pupillary reflexes. Rats were assigned to one of eight experimental groups using a randomization sequence designed to allo cate at least 10 rats in each of groups A and B (controls) and C-H (head-injured).
In groups A (n = 11) and B (n = 12), the scalp was incised longitudinally and separated to expose the under lying skull. No cranial impact was delivered and the scalp incision was closed. Anesthesia was discontinued and rats were returned to their cages where they were allowed free access to chow and water. In group A, no ketamine was given. In group B, 180 (n = 3), 120 (n = 4) or 60 mg/kg (n = 5) of ketamine was given i.p. 1 h after dis continuing anesthesia and returning rats to their cages. The route of administration of ketamine was identical to and the doses of ketamine were 100, 62, and 33% of that previously reported to improve neurological outcome in rats following cranial impact (Shapira et aI., 1992b) .
In groups C (n = 10), D (n = 10), E (n = 10), F (n = II), G (n = 10), and H (n = 12), the skull was exposed and a cranial impact was delivered at a prefixed point over the left hemisphere, 1-2 mm lateral from the midline on the skull convexity. The impact was delivered by a free-falling (l,600-g) plate, with a silicone-covered rod that protruded from the center and impacted the skull. It has been previously reported that the energy imparted to the skull by the stereotaxically guided plate was directly and linearly related to the distance of fall (7 cm) and that the non penetrating impact caused reproducible brain in jury and deterioration of neurological status (Shapira et aI., 1988) . Additional details of this model of cranial im pact are available in earlier reports (Shapira et aI., 1988 (Shapira et aI., , I992a, 1992b (Shapira et aI., , 1992c . In group C, no ketamine was given. In groups D, E, and F, ketamine, 180 mg/kg, was given i.p. 1, 2, and 4 h, respectively, after head trauma and returning rats to their cages. In groups G and H, keta mine, 120 and 60 mg/kg, respectively, was given 1 h after head trauma and returning rats to their cages.
Twelve rats among groups C-H died of apnea within 5 min of impact and were excluded from the study. Six animals that survived a period of 5 min after impact but did not survive until the planned death at 48 h also were excluded from the study. The number of rats completing the study and included in the final data analysis for these groups was 6 each in groups C, D, and E, 9 in group F, 7 in group G, and 11 in group H. In all rats rectal and temporalis muscle temperatures were measured at 1,2,4, 24, and 48 h via YSI thermistor probes (model 73A). For the measurement of temporalis muscle temperature, a needle-style probe was inserted. For time periods when rats had fully recovered from the initial halothane anes thesia, rats were reanesthetized for temperature measure ment.
Tissue calcium and magnesium
The rats were decapitated at 48 h. The entire brain (excluding the cerebellum) was immediately removed (42 ± 6 s) and placed on a frozen plate. Brain tissue samples (20-50 mg) were cut from areas just adjacent to the zone of maximal macroscopic damage in the left hemisphere, as were the corresponding contralateral areas of the right hemisphere in the head-injured groups (C-H). In the non traumatized groups (A and B) brain tissue samples were taken from corresponding left and right hemisphere areas. Tissue samples were placed in a porcelain crucible; di-gested in heated (45°C), concentrated nitric acid; dried on a hot plate (70°C) for 90 min; and then heated in a muffle oven (550°C) for 16 h. After cooling, a solution containing 0.2 ml of concentrated (70%) nitric acid and 4.8 ml of 0.1 N hydrochloric acid was added to dissolve the ash. Con centrations of calcium and magnesium were determined using a Thermo-Jarrel Ash 61E ICAP-AES or a Jarrel Ash 955 Plasma Atomocomp. Dry tissue calcium and magne sium concentrations were calculated, corrected for differ ences in yield between the two analytical techniques, and expressed as micrograms per milligram of dry tissue weight.
Statistical analysis
The data are presented as mean ± SD. Brain tissue concentrations of calcium and magnesium and rectal and temporalis muscle temperatures were compared within and between groups by analysis of variance (ANOV A) followed by Scheffe's test or between groups using the Student t test for unpaired data. Initial and later mortality following cranial impact was compared between groups using the Kruskal-Wallis test; p < 0.05 was considered significant.
RESULTS
Total tissue Ca and Mg levels from the samples of injured and uninjured cortex are depicted in Figs. 1 and 2. In the group receiving ketamine and no head injury (group B), brain tissue Ca and Mg were not significantly affected by ketamine dose, so results from that group (n = 12) and group A (no ketamine and no head injury; n = 11) were pooled to provide control values for comparison with treated groups C-H. Mean concentrations of Ca and Mg in con trols were 1. 228 ± 0. 492 and 0. 823 ± 0. 258 IJ-g/mg, respectively. A significant increase in Ca content (ANOY A, p < 0. 000 1) was noted in the cortical tissue of all contused hemispheres in groups C-H. However, in all ketamine-treated groups (except group G, ketamine 120 mg/kg), total tissue Ca levels in the contused hemispheres were decreased com pared with levels in the head-injured group that did not receive ketamine (group C). A significant de crease in Mg content in the contused hemisphere was noted (ANOY A, p < 0. 000l) in head-injured groups C-H. The decrease in brain tissue Mg in the injured cortex was significantly less in the groups treated with ketamine, 180 mg/kg, I and 2 h follow ing the trauma, than in the head-injured group that did not receive ketamine (group C). Treatment with lower doses (120 and 60 mg/kg) and the I80-mg/kg dose at 4 h did not significantly alter the injury induced decrease in brain tissue Mg. In the contra lateral hemispheres, neither Ca nor Mg differed sig nificantly from control values in any of the groups. At 1, 2, 4, 24, and 48 h, the temporalis muscle and rectal temperatures of ketamine-treated rats ranged from 37. 1 ± 0. 8 to 37. 5 ± OSC and from 36. 4 ± 0. 3 to 36. 5 ± 0.3°C, respectively, and did not differ within or between groups. At the same times, the temporalis muscle and rectal temperatures of rats not given ketamine ranged from 36. 9 ± 0. 5 to 37. 2 ± 0.3°C and from 36.4 ± 0. 3 to 36. 5 ± 0.3°C, respec tively, and also did not differ within or between the groups.
In groups C-H receiving cranial impact, one to three animals in each group died of apnea within 5 min after impact, and up to two animals in each The other groups were as follows: cranial impact and no ketamine (group C); cranial impact followed by ketamine, 180 mg/kg i.p., given 1 h (group D), 2 h (group E), or 4 h (group F) following cranial impact; and ketamine, 120 mg/kg (group G) or 60 mg/kg (group H), given 1 h following cranial impact. Values are means ± SD.
With cranial impact and no ketamine (group C), the Ca of the contused hemispheres (U) was increased as compared with that in rats with no cranial impact and in the untraumatized (Rt) hemispheres (*, p < 0.0001). Ca of the contused (U) hemispheres of the ketamine-treated animals (except for those in group G) was de-H creased as compared with that in group C. There was no statistically significant difference in brain tissue Ca levels between the control and the uncontused (Rt) hemispheres in treated and untreated animals. group survived the initial postimpact period but did not survive until 48 h after impact. Neither initial nor later mortality differed between groups.
DISCUSSION
In the present study, we found that at 48 h fol lowing head injury, brain tissue Ca increased while Mg decreased in the injured cortex. Treatment with a single dose of ketamine, 180 mg/kg i. p. , when given 1, 2, or 4 h following head trauma, signifi cantly decreased brain tissue Ca accumulation; when given 1 or 2 h after injury, the dose restored Mg to near baseline levels. Ketamine, 120 mg/kg, given 1 h following the head trauma did not improve Ca and Mg levels, and ketamine, 60 mg/kg, given 1 h following injury decreased brain tissue Ca accu mulation but did not improve Mg levels.
The increases in brain tissue Ca caused by the impact of the falling weight in the present study are consistent with the increases in tissue Ca (measured by atomic absorption spectroscopy) previously re ported in brain with cerebral ischemia and in spinal cord following impact from a falling weight. In pen tobarbital-anesthetized rats, Rappaport et ai. (1987) reported that brain tissue Ca increased threefold at 24 h after middle cerebral artery occlusion. In pen tobarbital-anesthetized cats, Young and Koreh (1986) reported that spinal cord tissue Ca increased 59% at 3 h after injury. The Ca gain in the area of injury exceeded the Ca available at the site, and it was concluded that Ca was drawn from the sur rounding spinal cord to the area of injury postim- (1989) reported that spinal cord tissue Ca increased 65-137% at 6 h after injury. In pentobarbital anesthetized rats, Happel et ai. (198 1) reported that spinal cord tissue Ca increased four-to fivefold at 8 h after injury and remained increased three-to four fold at 168 h. In the present study, brain tissue Ca increased four-to fivefold at 48 h. Those increased levels were decreased by 30-50% in the ketamine treated groups. We previously reported significantly higher Ca content in brain tissue 24 and 48 h after head injury in rats (Shapira et aI. , 1989) . There was no differ ence between white matter and cortex; therefore, in the present study only cortical tissue was sampled. Our results are consistent with previous reports that NMDA receptor antagonists interfere with intracel lular free Mg and total brain tissue Mg. Olney (1978) established that excessive exposure to glutamate or aspartate can kill brain neurons, presumably by overstimulating them. Subsequently, Beneviste et ai. (1984) and Faden et ai. (1989) reported increased levels of EAAs outside the affected brain cells in brain ischemia and trauma, respectively. EEAs are released in excessive amounts from terminals of ischemic neurons into the extracellular space (Kohmura et aI. , 1990) . Moreover, due to energy failure, the pumps fail and decrease the re-uptake of the EAAs. Excessive levels of EAAs initiate a cas cade of events believed to be a leading cause of damage in the surrounding "penumbral" region. Vink et ai. (l987b, 1988) demonstrated that head injury delivered by fluid percussion in rats causes a profound and rapid decline in both intra cellular free Mg concentrations, as measured by phosphorous e 1 P) nuclear magnetic resonance spectroscopy, and total brain tissue Mg. These changes correlated significantly with the severity of the injury as reflected by neurological outcome (Vink et aI., 1987a (Vink et aI., , 1987b . A similar decline in total CNS tissue Mg, which correlated with the severity of injury, also has been observed after spinal cord trauma (Lemke et aI., 1987) . Changes in CNS Mg concentration have been shown to affect many fac tors such as opiate receptor binding (Sadee et aI. , 1982) , prostaglandin synthesis (Nigam et aI. , 1986) , and physiologic antagonists of Ca ions (Siesjo and Bengtsson, 1989) . Moreover, Mg is known to impair the ability of neurons to release neurotransmitters and to affect receptor-gated EAA channels. Kass and Lipton (1982) and Rothman (1983) , working with brain slices and cell cultures, respectively, added high concentrations of Mg to bathing solu tions before reducing the oxygen tension of the so lutions to hypoxic levels. They reported that Mg concentrations that blocked synaptic transmission in general and NMDA receptors in particular, di minished hippocampal neuronal damage.
Magnesium treatment was also reported to be ef fective in vivo. Vacanti and Ames (1984) reported in a rabbit model of spinal cord ischemia that magne sium chloride, 5 mmol/kg, administered as a 40% (wt/vol) solution in Ringer's solution, improved sensory and motor function in the hind limbs. Later, reported in a model of head injury delivered by fluid percussion in rats that a Mg-deficient diet for 14 days (which resulted in a 15% decrease in brain tissue intracellular free Mg as measured by 31p magnetic resonance spectroscopy) significantly exacerbated neurologic dysfunction and increased mortality following head injury in comparison to findings in rats fed a normal diet (controls). Pretreatment with magnesium sulfate, 0. 1 mEq, 15 min before injury prevented the fall in brain tissue intracellular Mg observed in the control rats and significantly improved both cellular bioen ergetic state and neurological outcome. Faden et ai. (1989) reported marked elevation in extracellular glutamate and aspartate adjacent to the trauma site in a fluid percussion model of head injury in rats. Head injury also decreased the bioenergy state and intracellular free Mg. Treatment with the noncom petitive NMDA receptor antagonist dextrorphan, 10 mg/kg, 30 min following head injury improved neurological outcome and the bioenergy state and restored intracellular free Mg to baseline.
Magnesium normally blocks the NMDA-linked channels in a voltage-dependent manner (Mayer et J Cereb Blood Flow Metab, Vol. /3, No. 6, 1993 aI. , 1984 Nowak et al. , 1984) . Depolarization re lieves the block, allowing glutamate to activate a conductance mechanism for Ca 2+ . Since Mg + blocks the NMDA-gated channels in a voltage dependent manner, agonist-dependent Ca influx re quires release of EAA and depolarization (Ebel and Gunther, 1980) . In pentobarbital-anesthetized rats, McIntosh et al. (1989) reported that administration of 12. 5 or 125 fl-mol MgCl 2 30 min after fluid per cussion injury improved neurological function, whereas treatment with saline, ATP, or ATP MgCl 2 did not.
The results of the present study may indicate that the action of the NMDA receptor antagonist keta mine decreased intracellular Ca and, therefore, brain tissue damage decreased and Mg increased. However, it is also possible that ketamine increased intracellular Mg levels, which blocked the NMDA receptors and, thereby, decreased brain tissue Ca. Decreased Mg levels also may worsen neurologic outcome and survival by actions independent of Ca. Mg is essential for cellular processes such as gly colysis; oxidative phosphorylation (Ebel and Gunther, 1980; Garfinkel and Garfinkel, 1985) ; syn thesis of protein, DNA, and RNA (Rubin, 1976) ; and cellular respiration (Aikawa, 1981) . Conse quently, a significant decrease of Mg would be ex pected to impair glucose utilization energy metabo lism and protein synthesis (Corkey et aI. , 1986) . Alternatively, the results of the present study may simply reflect the degree of cell damage. Any treatment that reduces cellular injury would also reduce the Ca accumulation and Mg loss; the changes do not necessarily imply that ketamine acts by directly reducing Ca influx into cells. The ion shifts observed here should occur with any "neuroprotective" treatment.
While NMDA receptor antagonists have been re ported to ameliorate neuronal damage in a variety of models of brain injury, they have also been re ported to exert toxic effects in certain brain regions (Graham et aI. , 1993) . There are two reports that ketamine may share the same toxic properties as other NMDA receptor antagonists. Olney et ai. (1989) reported vacuole formation in layers 3 and 4 of cingulate and retrosplenial neurons 4 h after ad ministration of ketamine, 40 mg/kg, but not 5, 10, or 20 mg/kg. Sharp et ai. (1991) reported heat-shock protein 72 and vacuole formation in layer 3 of pos terior cingulate and retrosplenial neurons 24 h after administration of ketamine, 40, 60, 80, or 100 mg/ kg, but not 1 or 20 mg/kg. However, interpretation of neuronal changes when ketamine is given during ischemia or fluid percussion injury may not be straightforward because ischemia alone and fluid percussion lUJury alone also increase heat-shock proteins (Kinouchi et al., 1993; Tanno et al. , 1993) .
